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Conductivity tomography at two frequencies
Junxing Cao⁄, Zhenhua He⁄, Jieshou Zhu⁄, and Peter K. Fullagarz
ABSTRACT
We present a new approach for crosshole radio to-
mography. Conductivity images of the investigated area
are reconstructed from the ratio of the electric field
intensities measured at two similar frequencies. The
method largely avoids assumptions about the radiation
pattern and in-situ intensity of the transmitting antenna,
which introduce errors in conventional single-frequency
crosshole electromagnetic-absorption tomography. Ap-
plication of the method to field data achieved an im-
provement in resolution of anomalies over traditional
single-frequency absorption tomography. The dual-
frequency method is not a universal approach; it is suit-
able for moderately conductive media (>0.01 S/m) over
the approximate frequency range 1–100 MHz.
INTRODUCTION
Electrical conductivity is one of the most important petro-
physical parameters. It is very sensitive to rock porosity and
degree of saturation with different types of pore fluids. Cross-
hole radio tomography is being applied increasingly in geo-
physical exploration for high-resolution delineation of electri-
cal conductivity variations. It has found successful applications
in mineral exploration (Wu and Xing, 1982; Stolarczyk, 1992;
Fullagar et al., 2000), engineering and environmental investi-
gations (Wu and Zhang, 1998), and coal mining (Vozoff et al.,
1993). Crosshole radio-absorption tomography, pioneered by
Lager and Lytle (1977), is an imitation of X-ray absorption to-
mography in medicine. However, there are some differences in
physical scale and scanning geometry (Dines and Lytle, 1979),
and in the predictability of source strength.
Source strength (i.e., the incident field intensity) serves as
the reference for the calculation of the absorption in absorp-
tion tomography. Source strength in X-ray tomography can
be treated as a constant. However, the source strength in
geophysical surveys is dependent on host properties and the
transmitter-receiver azimuth, and so is variable. Determination
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of the source strength is one of the key steps for crosshole radio-
absorption tomography. However, the source strength cannot
be measured directly or calculated exactly. An amplitude ra-
tioing method for receivers at different distances, proposed
by Grubb and Wait (1971), is sometimes used to eliminate
the source strength (Wu and Xing, 1982). The method is only
suitable for the case when there are at least three boreholes
in a straight line and the rock is reasonably homogeneous.
Feng et al. (1995) proposed an iterative method to estimate
the source strength. It is only suitable for weakly inhomoge-
neous media, where the source strength can be treated as a
constant. For highly inhomogeneous cases, such as in mineral
exploration, there is still no way to precisely determine the
source strength.
Calculation of the radiation pattern of the transmitter also
poses a difficult problem. In practice, the real radiation pat-
tern is usually approximated by the radiation pattern of a half-
wavelength antenna.
Errors in the estimation of the source strength and radiation
pattern often result in distortions of the reconstructed tomo-
gram. In this paper, we present a new tomographic methodol-
ogy that does not require calculation of the source strength and
the radiation pattern. Conductivity images are reconstructed
from the ratio of the electric field intensities measured at two
frequencies. An application of the method to field data re-
veals an improvement in image resolution relative to tradi-
tional single-frequency absorption tomography.
THEORY
Crosshole radio surveys often use electric dipole antennas
as transmitter (Tx) and receiver (Rx). For a center-fed elec-
tric dipole antenna in an unbounded homogeneous isotropic
medium, the electric field intensity in the far field can be ex-
pressed as (Wu and Xing, 1982, 15; Mott, 1992, 29)
e D !„I0
4…fi
e¡flr
r
cos[(fiL=2) cos µ ]¡ cos(fiL=2)
sin µ
¢ cos(’)
D e0 e
¡flr
r
P(µ) cos(’); (1)
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where !D 2… f is the angular frequency of the Tx dipole; „
is the magnetic permeability of the medium; I0 is the feed-
ing current amplitude, assuming the current in the antenna is
of the form I D I0 sin[fi(L
–
2 ¡ jzj)]e¡ j!t ; fi and fl are, respec-
tively, the electromagnetic (EM) phase and absorption coef-
ficients of the medium; r is the distance between the center
points of the transmitting and the receiving antennas; L is the
length of the antenna; µ is the polar angle, the angle between
the transmitter axis and the ray path; ’ is the angle between the
Tx axis and the Rx axis (’D 0 when Tx and Rx are parallel);
e0 is the primary radiation intensity of the transmitter (i.e. the
source strength); and P(µ) is the radiation pattern of the trans-
mitting antenna. The phase and absorption coefficients (fi; fl)
of a homogeneous medium can be expressed as
fi D
µ
!2„"
2
¶1=2("
1C
µ
¾
!"
¶2#1=2
C 1
)1=2
; (2)
fl D
µ
!2„"
2
¶1=2("
1C
µ
¾
!"
¶2#1=2
¡ 1
)1=2
: (3)
where ¾ and " are the conductivity and permittivity, respec-
tively. When ¾=!" > 10, the medium can be treated as a good
conductor, and expressions (2) and (3) can be approximated as
fi … fl … (!„=2)1=2 ¢ ¾ 1=2: (4)
Fixing the Tx and Rx’s orientation and position, and op-
erating the transmitter at two similar frequencies !1 and !2,
two electrical intensities e1; e2 will be observed. From expres-
sion (1), the ratio e1=e2 can be expressed as
e1
e2
D f1
fi1
¢ fi2f2 ¢
e¡fl1r
e¡fl2r
¢ P1(µ)
P2(µ)
: (5)
The unit of e1 and e2 is volts/meter. In deriving expression (5),
it is implicitly assumed that „1D„2D„0, and that the primary
field intensity e0D!„0 I0=4…fi is independent of frequency over
the small frequency range 1 f D f2¡ f1.
For small 1 f , P1(µ)… P2(µ), and expression (5) reduces to
e1
e2
D f1
fi1
¢ fi2f2 ¢ e
fl2r¡fl1r : (6)
Substituting expression (4) into expression (6), we have
e1
e2
D ( f1= f2)1=2 ¢ e(„0…)
1=2( f 1=22 ¡ f
1=2
1 )¾
1=2r
: (7)
Taking logarithms of equation (7),
E1 ¡ E2 D 20 log10( f1= f2)1=2 C 8:6859(…„0)1=2
£ ¡ f 1=22 ¡ f 1=21 ¢¾ 1=2r;
where E1 and E2 are in decibels.
Discretizing the interwell region into nx £ nz D n cells, with
the conductivity in each cell constant, the above equation can
be written in the discrete form (see Figure 1)
E1 ¡ E2 D 20 log( f1= f2)1=2 C 8:6859(…„0)1=2
£ ¡ f 1=22 ¡ f 1=21 ¢ nX
jD1
¾
1=2
j r j ; (8)
where r j is the length of the ray segment in the jth cell.
If the ray in question does not pass through cell j , r j D 0.
Equation (8) is a general expression for both the straight-ray
and bent-ray cases (Figure 1). For a continuous conductive
medium, the summation in equation (8) should be replaced
with
Pn
jD1
R rout
rin
¾
1/2
j (r) dr , and the new equation is suitable for
the bent-ray case; rin and rout in
R rout
rin
¾
1/2
j (r) dr are the entry and
exit points along the ray passing through cell j , whereas ¾ j (r)
is the conductivity distribution in cell j .
Equation (8) can be rewritten as
nX
kD1
¾
1=2
k rk D b; (9)
where
b D C1 ¢ (E1 ¡ E2)¡ C2 (9a)
where C1D 57:944=( f 1=22 ¡ f 1=21 ) and C2D 20 log( f1= f2)1=2 ¢ C1.
Equation (9) defines a linear relation between the mea-
sured data E1, E2 and the discrete conductivity distribution
¾
1=2
k (kD 1; n). For m measured data, equation (9) can be ex-
pressed in the following matrix form:
Am£nxn D bm; (10)
where the element ai j of A is the length of ray i in cell j ;
xD (¾ 1=21 ; ¾ 1=22 ; : : : ; ¾ 1=2n )T is the unknown parameter vector;
and bD (b1; b2; : : : ; bm)T is the known data vector. Solving
equation (10), we obtain the discrete conductivity distribution
image. By ratioing the responses at two frequencies, depen-
dence on the primary radiation intensity e0 and the radiation
pattern P(µ) of the transmitting antenna has been eliminated.
FIELD EXAMPLE
Site geology
The experiment site was located in the center of Chengdu
City, Sichuan Province, China, on the western rim of the
Sichuan basin. The bedrock in the region is composed of
Cretaceous sandstones and mudstones. The overburden is
loose Quaternary pebble sands and clays. The thickness of the
FIG. 1. Schematic showing the discretization of the image plane
and a typical raypath through jth cell, where Tx denotes the
transmitter and Rx denotes the receiver.
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518 Cao et al.
overburden is about 30 m. In routine drilling of the foundation
of a large building, several fine sand layers with thickness of
0.1–1.2 m were discovered. If the thickness and extent of a fine
sand layer exceeds a critical value, it may liquefy under heavy
load. The main goal of the cross-borehole radio probing was
to determine the extent of the fine sand layers. The uppermost
4 m of the overburden will be excavated. Therefore, our radio
probing began at a depth of 4 m.
There were eight boreholes at the site. Radio surveys were
performed between four pairs of boreholes. Just one tomo-
graphic panel is considered here, between the vertical bore-
holes YG21 and YG22, 19.2-m apart. The depth of the holes
is 31 m, with both terminating about 1 m into bedrock. The
geological logs of borehole YG21 and YG22 are presented,
respectively, on the left side and right side of the absorption
tomogram and conductivity tomogram (Figures 4 and 5, respec-
tively). It should be pointed out that the division between the
mid-dense pebble and the dense pebble in the geological logs
is not always clear. The main factor that determines the prop-
agation characteristics of radio waves in the interwell medium
is underground water. The water table depth at the site is 7 m.
The medium beneath the water table is of higher conductivity.
Data acquisition
The data were recorded with a JW-4 electric dipole system
in May 1996. The JW-4 is a crosshole radio-frequency EM
system (Qu et al., 1991; Fullagar et al., 1996), developed by
the Chinese Institute of Geophysical and Geochemical Ex-
ploration (IGGE). The transmitter is notionally a half-wave
electric dipole, with antenna arms extending up to 18 m on
either side of the electronics pod, depending on the operat-
ing frequency. The transmitter used in our survey was a dipole
antenna with two 1-m arms. The receiver antenna was a 1-m
monopole. Electric field intensities were recorded at 11 fre-
quencies between 12 and 32 MHz with an interval of 2 MHz.
Data were recorded as common-transmitter gathers, recorded
with the transmitter at a fixed position in one well while the re-
ceiver scanned along the other borehole. The sampling interval
along the borehole for the transmitter was 1.0 m; that for the
receiver was 0.5 m. Reciprocal measurements were recorded,
with the positions of transmitter and receiver reversed.
Before the tomographic measurements, a horizontal syn-
chronization (“parallel scan”) survey was performed. Horizon-
tal synchronization means the transmitter and the receiver are
located at same level and are moved down or up at the same
speed. The sampling interval along the borehole in the hor-
izontal synchronization survey was 1.0 m for both the trans-
mitter and the receiver. The horizontal synchronization data
are ordinarily used to estimate the background 1D conductiv-
ity structure of the inspected profile and to determine suitable
operating frequencies. Horizontal-ray electric-field intensities
measured at a range of frequencies between boreholes YG21
and YG22 are shown in Figure 2. Intensity of ¡140 dB means
no valid signal is received. The curves show that the measured
field intensities are dependent on the operating frequency.
Conductivity tomography at two frequencies
Conductivity tomography at two frequencies involves the
following steps:
Choose raypath style for characterization of the radio
propagation.—Straight raypaths were assumed in this study.
A straight-ray approximation has been commonly adopted for
radio tomography. The validity of the approximation was dis-
cussed in depth by Dines and Lytle (1979) and has been tested
in practice (Dines and Lytle, 1979; Cao et al., 1995; Zhou
et al.,1998; Fullagar, et al., 2000).
Construct the discretised conductivity model.—The imag-
ing plane was discreted into 19£ 54D 1026 rectangle cells. The
square root of conductivity within each rectangular cell was
interpolated according to
¾
1=2
j (»; &) D N1¾ 1=21 C N2¾ 1=22 C N3¾ 1=23 C N4¾ 1=24 ;
(11a)
where ¾ 1=2j (»; &) is the square-root conductivity distribution
in cell j ; » ,& , are local coordinate variables; and ¾ 1=21 ; ¾ 1=22 ;
¾
1=2
3 ; ¾
1=2
4 denote the square-root conductivity at the four cor-
ners of the jth cell (Figure 3). N1; N2; N3; N4, are the interpo-
lation base functions, given by
N1 D (‘¡ »)(h ¡ ‡ )
‘h
;
N2 D »(h ¡ ‡ )
‘h
;
N3 D » ¢ ‡
‘h
;
N4 D (‘¡ »)‡
‘h
: (11b)
where ‘ is the horizontal side length of the cell and h is the ver-
tical side length (Figure 3). For the example considered here,
‘D 1:01 m, hD 0:5 m. The discrete model is a piecewise contin-
uous approximation of the actual conductivity. In the discrete
model, the unknown parameters were the square-root con-
ductivities at the grid nodes. The number of the unknowns
FIG. 2. Plot showing the horizontal-ray electric-field intensi-
ties measured between YG21 and YG22. The curves show the
dependence on frequency of the electrical field intensities. In-
tensity of –140 dB means no valid signal is received. Surface is
at depth z D 0 m.
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Conductivity Tomography at Two Frequencies 519
(20£ 55D 1100) was therefore larger than the number of the
cells.
Generate the coefficient matrix for the tomographic
equations.—For ray i , from the Tx to the Rx, find all the cells
which it traverses. For each such cell, integrate the interpola-
tion functions along the (straight) ray segment to compute the
following coefficients:
C (1)u;v D
1
‘h
Z »out
»in
(‘¡ »)(h ¡ ‡ ) d»;
c
(2)
u;vC1 D
1
‘h
Z »out
»in
»(h ¡ ‡ ) d»;
C (3)
uC1;vC1 D
1
‘h
Z »out
»in
» ¢ ‡d»;
C (4)
uC1;v D
1
‘h
Z »out
»in
(‘¡ ») ¢ ‡ ) d»;
‡ D ‡in ¡ ‡out
»in ¡ »out » C ‡in; (12)
where cu;v; cu;vC 1; cuC 1;v; cuC 1;vC 1 are the components of the
coefficient matrix elements; subscript u; v etc. are the global
serial number of the relevant unknowns in the whole dis-
crete grid; and superscripts 1; 2; 3; 4 refer to the nodes of
cell j . Element ai; j of the coefficient matrix relates to cu;v
with j D (u¡ 1)£nx C v, where nx D 20 is the number of nodes
in the horizontal direction. After each ray-tracing calculation,
those coefficients corresponding to the same node (i.e., with
same global serial number) must be stacked up.
Choose the data sets to be imaged.—Data at 18 and 20 MHz
were adopted as E1 and E2, respectively, for tomographic in-
version. The known data points [i.e., the bm in equation (10)]
were computed using equation (9a). The total number of the
known data points is 969.
Solve the tomographic equations.—The tomographic equa-
tions (10) were solved using an algebraic iterative reconstruc-
tion technique (van der Sluis and van der Vorst, 1987; Cao and
FIG. 3. Schematic showing the calculation of the elements, re-
lating to cell j , of the coefficient matrix of the tomography
equation. The subscript u; v in brackets are the global indices
of the discrete conductivity nodes, and the subscripts 1,2,3,4 are
the local serial numbers of the discrete conductivity parameters
and the interpolation base functions in cell j .
Nie, 1998), yielding the discrete conductivity distribution be-
tween borehole YG21 and borehole YG22. A homogeneous
model of constant conductivity 0.1 S/m was selected as the
starting model in the iterative reconstruction.
Create and interpret the tomogram.—The conductivity to-
mogram is shown in Figure 4. The inversion result obtained
by solving equation (10) was the discrete distribution of the
SQRT conductivity, then converting to conductivity. To judge
the reliability of the tomogram, the geological logs are in-
cluded, based on drilling and coring results. For comparison,
a conductivity tomogram constructed using single-frequency
(20-MHz) absorption tomography is shown in Figure 5. Sig-
nificant differences are apparent between the two tomograms.
The most remarkable difference is that the dual-frequency to-
mogram (Figure 4) shows a low-conductivity layer (blue) at
approximately 4–7 m depth, whereas the increase of conduc-
tivity with depth is much more gradual in the single-frequency
tomogram (Figure 5). The base of the low-conductivity layer
in Figure 4 is consistent with the location of the water table.
The low conductivity is associated with the dry, loose clay-grit
layer. It is expected that the layers containing finer particles
should have high conductivity and high absorption properties;
thus, high conductivity may indicate fine sand in this region.
Both tomograms reveal high-conductivity anomalies at depths
FIG. 4. Conductivity tomogram constructed using the ratio of
electric field intensity at two frequencies (18 and 20 MHz).
The geological logs beside the tomogram are used to evaluate
the tomogram, and are based on drilling and coring results.
The division between the mid-solid gravel and the solid gravel
is not always clear. The tomogram shows distinctly that the
medium between borehole YG21 and borehole YG22 is in-
homogeneous. The low conductivity abnormality (blue area)
at shallow depth (4–7 m) is the response of the dry loose clay
and grit layer, and its base coincides with the water table. The
high-conductivity abnormalities (red areas) at depth 24–31 m
indicates the existence of fine sand layers or a high-rate fine
sand and clay composing.
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of 24 to 31 m (orange-red areas). However, the extents of the
high-conductivity anomalies at the boreholes are not enirely
consistent with the known fine-sand layers at depth. The dis-
agreement may arise partly from the limited resolution and
partly from an offset between the lithology boundary and the
electrical boundary.
Which tomogram provides the best representation of the
real conductivity? We favor the dual-frequency conductivity
tomogram (Figure 4). This tomogram images the base of the
dry clay and grit layer at the water table exactly. The gradual
transition (5–10 m depth) to higher conductivity in the 20-MHz
tomogram (Figure 5) is presumed to be an artefact, perhaps
arising from the assumption of a perfect half-wavelength dipole
radiation pattern. The influence of the ground surface on the
field intensity is arguably more severe for the single-frequency
tomography.
APPLICABILITY
Operating frequency
To construct the conductivity image using the method pro-
posed in the previous section, the following conditions must be
met:
1) ¾=!" > 50, i.e., the medium can be treated as a good con-
ductor and displacement currents can be neglected. (This
is a fairly severe condition: ¾=!" > 10 would introduce
only 1% error in the wave coefficients.)
FIG. 5. Conductivity tomogram reconstructed using
single-frequency absorption-tomography (20-MHz) data.
The tomogram shows a general increase in conductivity with
depth and the existence of conductivity abnormalities (blue
and red areas). The low-conductivity belt (blue area) at
5–10 m depth is an artificial abnormality may rising from the
calculation error in the radiation pattern. The geological logs
beside the tomogram are same as in Figure 4.
2) The conductivity ¾ of the medium is essentially indepen-
dent of frequency over the frequency range of the mea-
surements.
3) The absorption coefficient fl is frequency dependent.
4) Altering the frequency results in only a small change in
the radiation pattern P(µ) (to make the problem linear
with respect to ¾ 1=2). In other words, radiation pattern
is assumed independent of frequency over the range in
question.
All four conditions can be satisfied by an appropri-
ate choice of the operating frequencies. Condition (1) re-
sults in the following basic principle for the choice of the
frequency:
f < ¾
100…"
: (13)
Although Johnscher (1977) and others have suggested that
conductivity is approximately proportional to frequency over
a wide frequency range, condition (2) can be assumed for small
frequency perturbations and typical earth medium. However,
equations (3), (2), and (1) show that conditions (3) and (4) are
somewhat conflicting [i.e., if fl depends on frequency, then so
will P(µ)]. Equation (3) shows that the absorption coefficient
fl is a function of the frequency f , the electrical conductivity
¾ , the dielectric permittivity ", and the magnetic permeability
„ of the medium. In the diffusive (high-conductivity) case, fl
is almost independent of the dielectric permittivity ", accord-
ing to equation (4). For a typical earth medium, the variation
in " and „ is very limited, so that f and ¾ are the main fac-
tors that determine fl. Figure 6 shows the relationship between
the absorption fl and the operating frequency f and conduc-
tivity ¾ in a homogeneous medium with relative permeability
„r D 1 and relative permittivity "r D 15. The absorption coef-
ficient is strongly dependent on the operating frequency only
at moderate frequencies (1–100 MHz) and relatively high con-
ductivity (>0.01 S/m). These are the conditions under which
dual-frequency conductivity tomography is viable.
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FIG. 6. Relationship between absorption coefficient, operating
frequency, and the conductivity of a homogeneous medium. In
all six cases, „r and "r of the medium are 1 and 15, respectively.
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Frequency difference
Under the constraint of ¾=!" > 50, it follows from
equation (4) that
dfl
d f D
dfi
d f D
(…„0¾ )1=2
2 f 1=2 … 0:99£
µ
¾
f
¶1=2
: (14)
Differentiating the radiation pattern P(µ) with respect to fre-
quency gives
d P(µ)
d f D
d P(µ)
dfi
dfi
d f … 0:495£
l
sin µ
£
•
sin
µ
fiL
2
¶
¡ sin
µ
fiL
2
cos µ
¶
¢ cos µ
‚
¢
µ
¾
f
¶1=2
; (15)
with f in megahertz.
To obtain a reliable conductivity image, the change in absorp-
tion coefficient, denoted by 1fl, should be greater than some
lower bound, say cd (neper/MHz). The difference between the
two measurement frequencies should then satisfy the following
inequality, deduced from equation (14):
1 f > 1 fL D cd ¢
µ f
¾
¶1=2
; (16)
where 1 fL is the lower bound for the frequency difference.
Let eP D 1¡ P2(µ)=P1(µ) be the allowable maximum error
arising from the assumption P2(µ)D P1(µ). We can then derive
an upper bound on 1 f , namely 1 fH , given by
1 f < 1 fH D eP P(µ)d P(µ)–d f ; (17)
with the derivative defined in equation (15).
The upper and lower bounds of the frequency difference
depend on many factors, including the conductivity ¾ of the
medium, the base frequency f , the transmitter antenna length
L , the polar angle µ , and the allowable error ep . Conductivity
is the principal factor that determines the choice of frequency
difference. Figure 7 shows the dependence of the upper and
lower bounds 1 fL and 1 fH on the conductivity ¾ for a half-
wavelength antenna when cd D 0:01 neper/MHz, eP D 0:05, and
µ D 60–. The polar angle µ D 60– is at the extreme of the nor-
mal angular range for crosshole EM surveys, because data
are normally collected in a fan of 60–<µ < 120–. The val-
ues cd D 0:01 and eP D 0:05 are typical for these parameters.
Figure 7 shows that the maximum allowable frequency differ-
ence 1 fH decreases as conductivity increases.
Equations (16) and (17) specify the theoretically acceptable
range for the frequency difference. A big frequency differ-
ence will usually produce large changes in the electric field,
and hence improve the signal-to-noise ratio. However, a larger
frequency difference increases the error arising from the ap-
proximation of Pf 1(µ)=Pf 2(µ)… 1. It has been shown that
Pf (60–<µ < 120–) and Pf C1 f (60–<µ < 120–) exhibit a similar
trend in behavior over a relatively large frequency-difference
range1 f (Cao et al., 1998). Thus, Pf 1(µ)=Pf 2(µ) may be almost
constant in the polar angle range of interest. On this basis, it is
possible in practice to use a frequency difference greater than
the theoretical1 fH . The frequency difference used in the field
example above is 2 MHz, whereas the theoretical1 fH is about
0.5 MHz (Figure 7).
Susceptibility to noise
Generally speaking, the susceptibility of the method to noise
arises in two ways. One is the susceptibility of the data to mea-
surement error and ambient noise, and the other is the suscep-
tibility of the tomographic algorithm (mostly the algorithms
used to solve the ill-posed matrix equation) to the data errors.
Susceptibility of the tomographic algorithms to data errors has
been discussed by various authors (van der Sluis and van der
Vorst, 1987; Cao and Nie, 1998) and will not be pursued in this
paper. The ambient noise for borehole electrical field intensity
measurements in our survey is of order 10¡7 V/m or ¡140 dB,
and so it can be neglected in many cases. The measurement
error of the JW-4 borehole EM system is about 3 dB. Let em
be the measurement error (in decibels). Then, if de denotes the
exact data, the observed data can be expressed as de § em , and
the signal-to-noise ratio of the data is de=em . For the tomogra-
phy method proposed in this paper, the residual data d2 f can
be expressed as
d2 f D d f 1 ¡ d f 2 D (de1 § em1)¡ (de2 § em2)
D (de1 ¡ de2)§ (em1 ¤ em2);
where d f 1 and d f 2 are the recorded data at frequencies f1 and
f2, respectively; de1 and de2 are the corresponding exact data;
and em1 and em2 are the corresponding measurement errors.
The above equation shows that the residual data d2 f can also
be expressed as the sum of the exact data (de1¡ de2) and the
measurement error (em1¤ em2). Thus, the signal-to-noise ra-
tio of the data d2 f can be expressed as (de1 ¡ de2)=(em1§ em2).
The original exact data d f 1 and d f 2 are often on the order of
FIG. 7. Dependence on the conductivity of the medium of up-
per and lower bounds 1 fL and 1 fH of the frequency differ-
ence when L D ‚=2, f D 15 MHz, „r D 1, cd D 0:01, ep D 0:05,
and µ D 60–.
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n£ 10 to n£ 140 dB (nD 1; 2; : : : ; 9), and the induced data d2 f
is on the order of n… 10 (Figure 3). Generally speaking, the
measurement error is a realization of a random variable with
standard deviation of approximately 6 dB (em1C em2). Thus,
the signal-to-noise ratio in the dual-frequency method will
be degraded relative to that for the single-frequency absorp-
tion tomography approach owing to lower signal and higher
noise.
CONCLUSION
A dual-frequency conductivity tomography approach for
crosshole radio surveys has been described in this paper.
Conductivity images of the investigated area are constructed
from the ratio of the electric field intensities measured at
two frequencies. The approach largely circumvents assump-
tions about the radiation pattern and in-situ radiation in-
tensity of the transmitting antenna, which often introduce
errors into single-frequency electromagnetic-absorption to-
mography. Application to real data shows that the proposed
methodology generates a higher resolution tomogram than
conventional single-frequency absorption tomography.
The method is not a universal approach. It is most suitable
for relatively conductive media (>0.01 S/m) and for the fre-
quency range of 1 to 100 MHz. Under these conditions, the
dual frequency tomography approach is a valid alternative to
conventional single-frequency tomography.
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